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ABSTRACT 
 
 
 Plant species invasion is problematic around the world due to its negative effects 
on native plant biodiversity, ecosystem function, and ecosystem stability.  Understanding 
the mechanisms of plant species invasion is necessary to predict new invasions and to 
control current problematic species.  Polygonum cuspidatum Sieb. & Zucc. 
(Polygonaceae, Japanese Knotweed) is an invasive species found in 40 of the 50 United 
States and listed as a noxious species in nine states.  It is known to exclude native plant 
communities, and its eradication is nearly impossible.  The extensive negative effects 
associated with this species make understanding its mechanism of invasion a prerogative.  
To this end, I have examined belowground mutualisms and shifts in nutrient cycling 
associated with P. cuspidatum in the United States.   
 Mycorrhizal symbioses are present in the vast majority of vascular plants.  
However, the benefits of invasive plant species association with native belowground 
communities, in terms of biomass accumulation, are not well known.  I paired an invasive 
plant species, P. cuspidatum, with the native belowground community from an invaded 
site in the upper piedmont of South Carolina.  Through limitation of phosphorous and 
arbuscular mycorrhizal (AM) inoculum in a greenhouse experiment, I sought to 
determine the benefits of association between the plant and AM fungi, in terms of 
increased biomass accumulation.  I found that P. cuspidatum associated with the native 
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AM community and also formed associations with dark septate endophytes (DSE), a 
lesser known and possibly mycorrhizal group. 
 Next, I determined nitrogen levels in soils collected inside and outside of the zone 
of invasion of P. cuspidatum across the eastern United States.  Previous studies have 
examined the nitrogen pool as a whole, potentially confounding the effects of the study 
species on plant-available and plant-unavailable nitrogen pools.  I fractionated the 
nitrogen pool into nitrate, which is plant available, and total nitrogen less nitrate (TNLN), 
which is composed of organic forms of nitrogen and ammonia.  I found that, while not all 
sites differed, nitrogen levels, across both fractions, increased with the presence of P. 
cuspidatum.    
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CHAPTER ONE 
LITERATURE REVIEW 
 
 
Introduction 
 Invasive plant species are problematic across the United States due to their 
negative effects on biodiversity of native species, nutrient cycling, groundwater 
resources, and stability of ecosystems.  In 2005, the annual cost of controlling invasive 
plant species and repairing the environmental damages caused by the approximately 
50,000 invasive species in the United States came to $120 billion (Pimentel et al. 2005).  
Pimentel and others (2005) also found that 42% of species listed as threatened or 
endangered by the United States federal government where mainly at risk due to invasive 
species. Invasive species are, by definition, not native to the ecosystem under 
consideration, and are nearly always introduced by humans (Executive Order 13112, 
1999).  Investigating mechanisms of invasion will open a window to understanding why 
some species become invasive and will enable prediction and control future invasions. 
Invasive Species Theories 
 Among the hypotheses have been proposed to explain the success of invasive 
species are the novel weapons hypothesis (Callaway and Aschehoug 2000), the theory of 
the stochastic niche (Tilman 2004), the enemy release hypothesis (Keane and Crawley 
2002), and the hypothesis of mutualist facilitation (Richardson et al. 2000).  
2 
 
 The novel weapons hypothesis, as introduced by Callaway and Aschehoug (2000) 
is based on the non-adaptation of the new range to the introduced species. For example, it 
is suggested that certain species will realize an invasion advantage through use of 
allelopathic chemicals to which the native competitors are not yet adapted.  Alternatively, 
the invasive plant may bring with it a parasite or other pathogen to which the native flora 
has not yet developed resistance. In this case, the invasive plant species is receiving a 
secondary benefit from an introduced pathogen.  
 Stochastic niche theory, introduced by Tilman (2004), suggests that a species is 
more likely to become invasive if there are many propagules or several points of 
introduction. The basis of this theory is that with a very high number of propagules, at 
least some of the individuals will survive to reproductive age and thus will be able to 
establish viable populations.  Alternatively, if the species is introduced at several points, 
it is more likely that the habitat will be suitable for reproduction in one or more of the 
locations.  
 The enemy release hypothesis suggests that an invasive species, novel in its 
invaded habitat, will not have any specialized enemies and has also been released from 
specialized enemies in its native habitat (Keane and Crawley 2002). This hypothesis can 
be applied to both above- and belowground enemies, be they herbivores or parasites. It 
should be noted, however, that the invader will still be affected by the generalist enemies 
in the novel range.  
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 In contrast to the enemy release hypothesis, which is dependent on dissociation of 
invasive species with other members of its native range, the mutualist facilitation 
hypothesis is dependent on positive associations in the invaded habitat (Richardson et al. 
2000).  Here, it is suggested that the invasive species realizes benefits, either directly or 
indirectly, through association with members of the native community, be they 
pollinators, agents of dispersal, or belowground mutualists, i.e. arbuscular mycorrhizal 
(AM) fungi.  The requirements of the mutualist facilitation, in terms of AM, are that that 
the plant be facultatively mycorrhizal and that both the fungus and plant be generalists 
(Pringle et al, 2009). 
Mycorrhizal Fungi 
 Mycorrhiza, or mykorhiza as they were originally termed, were first described in 
1885 by A.B. Frank. The name mykorhiza was chosen for its Greek meaning of „fungus 
root‟ because of the observed relationship between fungus and trees (Frank 1885).  
Mycorrhizae are defined as “…intimate and mutually beneficial symbiotic associations 
between fungi and roots…” (Raven et al. 2005).  Mycorrhizae are known to aid their host 
in nutrient acquisition, pathogen resistance (Newsham et al. 1995), and in water retention 
(Lamhamedi et al. 1992). 
 There are several types of mycorrhizae, but they fall into two main groups: 
ectomycorrhizae and endomycorrhizae. Ectomycorrhizal fungi include the groups of 
mycorrhizae that are specific to their host. Generally, these fungi associate with trees and 
woody plants.  These fungi do not penetrate the root cortical cells, but instead produce a 
sheath of hyphae that surround the plant root. This is a polyphyletic group. 
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Arbuscular Mycorrhizal Fungi 
 Endomycorrhizal associations are also very common and include the AM fungi. It 
has previously been thought that host specificity did not occur with the AM fungi, but the 
results of many studies are indicating that proclivities exist (Hartnett and Wilson 1999, 
Helgason et al. 2002, Jakobsen et al. 1992, Klironomos 2003, McGonigle and Fitter 
1990, Streitwolf-Engel et al. 2001, Vandenkoornhuyse et al. 2002, van der Heijden 
1998a).  The fungus provides the plant with nutrients, particularly phosphorous, while the 
plant fulfills its role in the symbiosis by providing the fungus with carbon in the form of 
photosynthates.  AM fungi generally associate with herbaceous plants and tropical tree 
species. 
Physiology and Life Cycle 
 The life cycle of all AM fungi is completely dependent on the plant host.  Fungal 
propagules, either resting spores or fragments of hyphae, begin growth in response to any 
of a suite of flavonoids produced by mycorrhizal plant species as well as in response to 
environmental factors (Bécard and Piché, 1989, Gianinazzi-Pearson et al. 1989).  
Triacylglycerides and glycogen carbon stores are mobilized during this period, known as 
the asymbiotic stage, and it is the only stage of growth in which AM fungi grow in the 
absence of a host (Requena et al. 2007).  If these reserves are depleted before the fungus 
has encounters an acceptable plant host, it will again enter a state of dormancy (Mosse 
1988).  The propagules are able to regerminate a number of times.   
 The flavonoid signals produced by host plants are not responsible for 
appressorium formation on the root surface (Requena et al. 2007).  The appressorium is 
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fungal growth along the surface of the root that allows hyphal extension into the root 
interior.  It has been suggested that thigmotropic, i.e. growth in response to physical 
touch, signals or secondary metabolite production are likely the cause of appressorium 
and internal hyphal formation (Requena et al. 2007).  Appressorium formation appears to 
occur exclusively on the root surfaces, as induction of formation of these structures on 
synthetic materials such as nylon, silk, cellulose, or glass in the lab has failed 
(Giovannetti et al. 1993).  These results indicate that chemical signals must be present, 
and that simply encountering a root-like structure will not promote appressorium 
formation.  While appressorium formation has been found on non-mycorrhizal species in 
the Brassiceae, formation of hyphae inside of the root was suppressed, suggesting that 
extended hyphae formation may be suppressed via chemical signaling (Tommerup  
1984).   
 Growth inside of a host plant occurs both within and between root exodermal and 
cortical cells.  The formation of arbuscules, and at times vesicles, completes the extent of 
mycorrhizal growth in the host plant.  The arbuscule is a deeply dissected structure that 
invaginates the cell membrane, increasing fungal surface area for exchange of nutrients 
and carbohydrates between the fungus and host plant.  
Ecosystem Interaction  
 AM fungi are ubiquitous members of a well-known symbiosis between plants and 
fungi. It is estimated that the vast majority of land plants engage in this symbiosis (Smith 
and Read 1997), and AM fungi played an important role in the success of the first 
terrestrial plants (Simon et al. 1993).  According to fossil records obtained in 2000, AM-
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like hyphae and spores were present 600 million years, ago indicating AM-type fungi 
were present prior to the development of the first vascular plants (Redecker et al. 2000). 
 The mycorrhizal relationship, while present in the majority of plants, is not found 
in all ecosystems (Treseder and Cross 2006).  Lands undergoing primary succession are 
generally lacking in AM inoculum due to physiological traits of the phylum 
Glomeromycota, i.e. large spores with limited dispersal.  Ecosystems undergo several 
stages from primary succession to climax called seres.  Seral stages along primary 
successional slopes reflect the dependency of the plant species found there, i.e. at the 
earliest seres, only non-mycorrhizal species will be found, facultative species will be 
found in intermediate seres, and dependent species will be found in the latest stages 
(Titus and del Moral 1998).  This point was supported by Wu et al. (2004) when they 
studied spore densities along a successional gradient on increasing elevations on Mount 
Fuji. 
 Hoeksema et al. (2010) found that the increased biomass accumulation 
association with AM fungal colonization range from positive to neutral to negative, 
depending on the interplay of soil nutrients, host plant characteristics, and different 
aspects of the soil community.  Not all AM species provide the same benefits to their host 
plants; quite a few studies have shown this to be true by comparing growth of single 
plants grown with single species of AM fungi (Jakobsen et al. 1992, Helgason et al. 
2002, Streitwolf-Engel et al. 2001, van der Heijden 1998a).  Additionally, it has been 
shown that soil AM fungal communities differ significantly under different plant species 
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(e.g. Vandenkoornhuyse et al. 2002; Vandenkoornhuyse et al. 2003). Recently it was 
demonstrated that invasive species are able to dramatically shift the mycorrhizal 
community (Hawkes et al. 2006). 
 Ecosystem biodiversity is determined by the interaction of competitive ability, 
partitioning of resources (either spatially or temporally), disturbance regimes, interactions 
of different groups within the ecosystem, and many other characteristics (van der Heijden 
1998b).  AM fungi biodiversity is not only a driver of plant biodiversity; it is also 
determined by the plant community. M. van der Heijden and co-workers (1998b) found 
that plant biomass and diversity increased with an increasing number of AM fungi 
species in a greenhouse study. The fact that plant biomass increased is not surprising, 
considering what is already known about the function of the symbiosis between AM 
fungi and plants. What is worth noting is that the increasing numbers of AM taxa 
increased plant biodiversity, indicating that a diverse and healthy AM fungi community is 
a driver of plant biodiversity. 
Mycorrhizal Dependency 
 Community composition if influenced by the varying responsiveness, or 
dependency, of the plant species in the community to mycorrhizal colonization (van der 
Heijden 2002). However, it should be noted that plants are often connected within a 
system by the fusing of various mycorrhizal hyphae of all types, forming a hyphal 
network (Allen 1991).  Plants connected through a hyphal network are able to share 
resources, with understory plants that are highly mycorrhizal seeing the greatest 
advantage (Grime et al. 1987). 
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 Mycorrhizal dependency, also known as mycorrhizal responsiveness, is the 
measure of the benefits of losses, in terms of biomass, attributed to the presence or 
absence of mycorrhizal fungi.  Because mycorrhizal association ranges from positive to 
neutral to negative, this dependency can be either positive or negative. This measurement 
is typically taken at the conclusion of a glasshouse experiment, as it is extremely difficult, 
if not impossible, to have a truly non-mycorrhizal treatment in the field. Soil nutrients 
levels may be modified to determine the range of response of the symbiosis, and 
colonization is strongly correlated with nutrient availability, specifically phosphorous.  
Plants are harvested and the dry biomass taken of both the mycorrhizal and non-
mycorrhizal treatments, and then the biomass is compared to give a percent of increased 
or decreased growth (Equations 1 and 2). Previously the negative impact of mycorrhizal 
colonization was not considered in calculations. Equation 2 was suggested by van der 
Heijden in 1998a to compensate for this shortcoming. 
Equation 1: 
 
Equation 2: 
 
Equations 1 and 2: Where a is the mean biomass of the mycorrhizal plants, b is the mean 
biomass of the non-mycorrhizal plants, and n is the number of treatments where plants 
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were inoculated with AM fungi.  This equation is used to determine the mycorrhizal 
dependency of plants. Equations taken from van der Heijden (2002). 
 Plants that are generally highly dependent on mycorrhizal colonization often 
exhibit these traits: short, large diameter roots that are not well branched and have few 
root hairs, an inability to change availability of nutrients in the rhizosphere, particularly 
that of phosphorous, low rates of nutrient uptake, and efficient photosynthate relocation 
ability (Jakobsen et al. 1992). Fungal traits that typically aid in mycorrhizal dependency 
include the ability to quickly colonize host plant roots, as well as the ability to extend 
hyphae far into the surrounding soil (Jakobsen et al. 1992). The fungal hyphae must be 
able to quickly take in nutrients and translocate them to areas of new growth (Jakobsen et 
al. 1992). 
Dark Septate Endophytes 
 In addition to endo- and ectomycorrhizal fungi, a third group of potentially 
mutualistic fungi has been proposed: the dark septate endophytes (DSE).  This group is 
not included with the endomycorrhizal group of mycorrhizal fungi at this time.  DSE are 
heterogeneous, consisting of conidial or sterile fungi (Jumponnen and Trappe 1998).  
Their phylogeny is still under scrutiny, but recent literature has identified most as being 
in the Ascomycota (Yuan et al. 2010) and genetic analyses suggest convergent evolution 
of this very diverse group (Jumponnen and Trappe 1998).  
 Studies have characterized DSE as both mutualists and parasites, depending on 
the fungal species, the plant species, and the soil and nutrient conditions (Jumponnen 
2001). For example Wilcox and Wang (1987) showed a range of host plant responses to 
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DSE, ranging from pathogenic to beneficial. Some evidence suggests that suggests DSE 
may provide increased access to nitrogen rather than phosphorous, but further research is 
needed in this area (Alberton et al. 2010).  Definitive structures of this group are 
microsclerotia (Figure 1.1).  This structure may serve a function of both overwintering 
and as a site of nutrient exchange with the host plant, though this has yet to be determined 
(Currah et al. 1993).  
Dark Septate Endophyte Ecology 
 Dark septate endophytes have previously been used as a catch-all for any 
endophytic fungus which stain darkly and exhibit septations.  The ecology of dark septate 
endophytes is poorly understood. Wagg et al. (2008) found dark septate endophytes 
coexisting in various percentages with ectomycorrhizae and AM fungi in four species of 
Pinus. Due to extensive breadth of the group, their role as mycorrhizae is questionable. 
Newsham (2011) demonstrated direct benefits in biomass accumulation for plant hosts of 
DSE, but no evidence was seen for increased fungal biomass accumulation, indicating 
that there may not be an exchange of nutrients.  For this reason, the mycorrhizal status of 
DSE is questionable. 
 Dark septate endophytes have been found to produce a suite of enzymes that 
degrade organic nitrogen sources (Caldwell et al. 2000).  Production of these enzymes 
and DSE endophytic growth may enable a shortcutting of nitrogen mineralization in 
terms of plant access to organic nitrogen (Caldwell et al. 2000).  Upson et al. (2009) 
found that the plant biomass accumulation increase when associated with DSE was 
irregular when plants were supplied with inorganic forms of nitrogen.  When plants 
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received organic nitrogen, DSE associated plants out-performed their non-DSE 
counterparts.  Knowledge of DSE association with invasive species may be useful in 
predicting the nutrient dynamics in ecosystems associated with high and low quality plant 
litter. 
Mycorrhizal Symbioses and Plant Invasion 
 Pringle et al. 2009 present a framework in regards to mutualist facilitation and 
invasive plant species.  It shows the potential routes a species might take upon 
introduction, be the species obligate, facultative, or non-mycorrhizal and whether or not 
the fungal symbiont has been introduced with the plant species.  It is suggested that the 
most successful invaders will be facultative in nature, allowing the species to establish 
with or without a mutualist, allowing symbioses as the opportunities arise. 
 This framework fails to take into account the fact that mycorrhizal symbioses 
range from parasitism to mutualism, depending on the interplay of soil nutrients, host 
plant characteristics, different aspects of the soil community, both fungal and bacterial, 
and the identity of the fungal and plant species (Hoeksema 2010, Scheublin et al. 2007). 
There are examples in the literature of both positive and negative feedbacks from 
mycorrhizal association, sometimes within the same species and dependent on 
environmental factors (Marler et al. 1999).  Additionally, some plants are able to control 
mycorrhizal colonization rates. 
Nutrient Cycling and Plant Litter 
 The movement of nutrients from soil to plant and back again via litter 
decomposition involves many components, from interaction of plants with belowground 
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facilitators of nutrient uptake, i.e. mycorrhizal fungi, to exudation of chemicals from 
plant roots that may enable uptake of various forms of nutrients, to the ability of the plant 
to utilize those nutrients in efficient ways for biomass accumulation and reproduction. 
Initial nitrogen content, C to N ratio, polyphenols and lignin are the main factors that 
affect decomposition and nitrogen release from plant litter (Handayanto et al. 1995).  One 
of the most important aspects of this process is the form of those nutrients, specifically 
nitrogen, in the plant‟s leaf litter.  
 Mineralization-immobilization turnover is the decomposition of organic nitrogen 
to ammonia by microbial assimilation (Hadas 1992).  Nitrogen may follow each of three 
pathways once entering the soil (Figure 1.2).  Dissolved organic nitrogen is the first 
major division of the soil nitrogen pool.  
Dissolved Organic Nitrogen 
 Dissolved organic nitrogen (DON) is a significant portion of the nitrogen pool in 
most soils (Qualls et al. 1991).  It is made up of several forms of nitrogen, but is most 
easily differentiated into high molecular weight (HMW) and low molecular weight 
(LMW) fractions.   
 LMW-DON, generally composed of amino acids, is easily utilized by soil 
microorganisms and does not present a slowing point for nitrogen mineralization in the 
soil (Barraclough 1997).  HWM-DON, however, is generally polyphenol-bound and may 
slow decomposition through inhibition of some enzymes (Jones et al. 2004).  Enzymes 
exuded by ectomycorrhizal fungi (and hypothesized to be released by DSE) may be able 
to bypass the role of soil microorganisms in HWM-DON by providing the nitrogen 
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locked away as amino acids directly to their plant host (Caldwell et al. 2000, Streeter et 
al. 2000).  This is dependent on the type of nutrient input, either organic or inorganic, as 
well as competition between plant roots and soil microorganisms (Owen and Jones, 
2001).  Additionally, dark septate endophytes may be a crossover point of organic 
nitrogen acquisition by plants and soil microorganisms (Newsham 2011).   
Polyphenols 
 Phenolic compounds are broadly defined chemically as having one (i.e. phenols) 
or more (i.e. polyphenols) aromatic ring with one or more hydroxyl group, including 
esters, glycosides, or other functional derivatives (Hättenschwiler and Vitousek 2000). 
They are divided into high and low molecular weight groups, each of which has certain 
characteristics. Low molecular weight polyphenols occur in all plants with some 
specificity (Halsam 1989, Swain 1979). High molecular weight polyphenols, or 
condensed tannins, are quite abundant in woody plants but are not typically found in 
herbaceous species; hydrolyzable tannins are even rarer, occurring in less than 40% of 
dicotyledons (Hättenschwiler and Vitousek 2000). 
 Phenolic compounds have previously been thought to deter herbivory, though this 
has not been shown conclusively (Hättenschwiler and Vitousek 2000, Northup et al. 
1998). These compounds are known to aid in ultraviolet protection in plants, to provide 
defense against pathogens, to produce pigment and flavor in plants, and play an important 
role in the pharmaceutical industry (Hättenschwiler and Vitousek 2000). Most 
importantly, phenolic compounds inhibit the action of digestive enzymes to precipitate 
nutritional proteins (Bernays et al. 1989). These compounds are known to inhibit 
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nitrification and slow decomposition and nutrient cycling of plant litter (Baldwin et al. 
1983,  Horner  et al. 1988, Kuiters 1990, Rice et al. 1973).  
Slowed Nutrient Cycling 
 By slowing nutrient cycling and litter decomposition, plants which produce highly 
recalcitrant litter, i.e. litter with high polyphenol content, essentially lock away the 
nutrients found in their litter from both their neighbors and themselves unless the 
presence of certain groups of soil microbes are present. Specifically these groups are 
ectomycorrhizal fungi and possibly dark septate endophytes as well as bacteria(Northup 
et al. 1998). 
 Litter chemistry is well recognized as a driver of soil nutrient cycling (Wardle and 
Lavelle 1997).  By examining the ecological impacts associated with litter chemistry, we 
begin to explore the concept of the extended phenotype, as first brought to us by Richard 
Dawkins (1982).  Dr. Dawkins shows that genes are responsible not only for the 
functioning of individuals, but also in the way the individual affects its surroundings, the 
extended phenotype.  Dr. Dawkins (1982) specifically defines this as follows: “…the 
replicator (of the gene) should be thought of as having extended phenotypic effects, 
consisting of all its effects on the world at large, not just its effects on the individual body 
in which it happens to be sitting” (p.4). 
 How does the study of litter quality translate into examination of the extended 
phenotype?  First, the gene(s) that encode for increased concentration of polyphenols in 
the plant‟s leaves are turned on by some signal in nutrient poor habitats. Next, those 
leaves become litter and enter into soil nutrient cycling. This highly recalcitrant litter 
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slows decomposition and nutrient cycling in the local habitat. This slowing retains 
nutrients in the ecosystem as opposed to losses due to leaching, leading to a sea-change 
within the ecosystem that will eventually either lead to promotion of the gene, if this trait 
proves to be successful, or the demise of the gene if the opposite is true. This is a perfect 
example of the extended phenotype, and was illustrated very well by Northup and 
colleagues (1998) in northern California‟s pygmy forest.   
 When litter recalcitrance studies are applied to investigation of plant invasion, the 
extended genotype is put into even sharper relief, e.g. Northup et al. (1998), Schweitzer 
et al. (2004), Iason et al. (2005).  The extreme environmental shifts caused by species 
invasion are a perfect example of the phenotype of the species strongly affecting its 
surrounding environment.  
Polygonum cuspidatum Sieb & Zucc. (Polygonaceae, Japanese Knotweed) 
 Polygonum cuspidatum Sieb & Zucc. (Polygonaceae) is a facultative mycorrhizal 
species, a fast-growing clonal herbaceous geophyte, and a pioneer species of primary 
succession slopes throughout Southeast Asia (Barney et al. 2006).  Introduced to the 
United States in 1872 as an ornamental, the spread of this species has been attributed to 
movement of soil and transfer of rhizomes along waterways (Barney et al. 2006).  P. 
cuspidatum is known to invade roadsides, ditches, and forest periphery in the United 
States and around the world and forms persistent monocultures that exclude the native 
vegetation and influence nutrient cycling (Aguilera et al. 2010). P. cuspidatum is found 
in 40 of the United States and the majority of Canada (Figure 1.3).  P. cuspidatum is 
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listed as a noxious weed in nine states (USDA, NRCS. 2011), thus further research into 
its mechanism of invasion is needed.  
Mutualisms and P. cuspidatum 
 In its native range, P. cuspidatum is a facultative mycorrhizal species (Wu et al. 
2004), and it has been shown to engage in mycorrhizal symbioses in other regions of 
invasion (Kovarova et al. 2010).  While these studies confirmed the presence of AM 
fungi, neither of them determined the benefits of the association.  Additionally, neither 
study addressed the DSE group.  The benefit of mycorrhizal symbiosis with P. 
cuspidatum in the upper piedmont of South Carolina is examined in Chapter 2 of this 
thesis. 
Soil nutrient cycling and P. cuspidatum 
 Previous work on the effects of invasion by P. cuspidatum has been undertaken in 
Belgium (Dassonville et al. 2007, Dassonville et al. 2008, Dassonville et al. 2011) and in 
New England (Aguilera et al. 2010).  Each of these studies focused on the total nitrogen 
pool inside and outside of zones of invasion of P. cuspidatum.  Generally, no shifts in 
nitrogen levels were found due to the presence of P. cuspidatum.  However, fractionation 
of the nitrogen pool may lend an improved perspective to nutrient cycling shifts that 
occur after invasion by P. cuspidatum with its highly recalcitrant litter.  Nitrogen pools 
and P. cuspidatum are examined in Chapter 3 of this thesis. 
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Figures  
 
Fig. 1.1 Microsclerotia, indicative of dark septate endophytes (DSE) indicated by arrow.  
Presence of these structures, as well as septate hyphae, was used to differentiate DSE 
from arbuscular mycorrhizal fungi. 
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Fig. 1.2 The three possible pathways dissolved organic nitrogen may take upon entering 
the soil. 
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Fig. 1.3 Distribution map for Polygonum cuspidatum in North America (USDA, NRCA. 
2011). 
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CHAPTER 2 
 MYCORRHIZAL INTERACTIONS OF POLYGONUM CUSPIDATUM SIEB. & 
ZUCC. (POLYGONACEAE, JAPANESE KNOTWEED) 
To be submitted to Plant and Soil journal  
Abstract (168 words, max. 200 words) 
 While the impacts of invasive species on native communities have been well 
studied, the mechanisms of species invasion remain a topic of debate.  Mutualistic 
facilitation is a less studied mechanism, but may be very important in the case of 
facultatively mycorrhizal species.  The interaction of invasive species with the 
native arbuscular mycorrhizal community may span the continuum of symbiosis 
from parasitism to mutualism, depending on a suite of factors.  Polygonum 
cuspidatum Sieb & Zucc. (Polygonaceae) is a facultatively mycorrhizal noxious 
invader that causes severe ecosystem disruption across the United States. 
 We hypothesize that P. cuspidatum will see a benefit in nutrient uptake by 
utilizing native AM fungal associations in the invaded range. 
 We conducted a greenhouse experiment to determine the growth benefits of the 
association of P. cuspidatum with the native mycorrhizal community.   
 We were unable to determine if growth benefits existed.  The results revealed 
association with dark septate endophytes across all treatments, which may have 
acted as mutualists.  The presence of arbuscular mycorrhizal fungi was also 
confirmed.  
Keywords:  Polygonum cuspidatum, arbuscular mycorrhiza, dark septate 
endophytes, invasive species 
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Introduction 
Invasive plant species are problematic across the United States due to their 
negative effects on biodiversity of native species, nutrient cycling, groundwater 
resources, and ecosystem stability.  As of 2005, the annual costs attributed to control of 
the approximate 50,000 invasive plant species in the United States came to $120 billion 
(Pimentel et al. 2005).  Understanding the mechanisms of invasion by plant species will 
help in preventing the introduction of more potentially invasive species, as well as in 
management of current problematic species (Callaway and Aschehoug 2000, Callaway 
and Ridenour 2004, Keane and Crawley 2002, Lambrinos 2002). 
Several mechanisms of invasion have been proposed, including the novel 
weapons hypothesis (Callaway and Aschehoug 2000), enemy release (Keane and 
Crawley 2002), and the stochastic niche theory (Tilman 2004).  The vast amount of 
literature on plant species invasion reveals one overarching pattern: no single mechanism 
can explain the success of all invasive species, and invasion success of a single species 
can vary depending on habitat properties (Knapp and Canham 2000, Kowarik 1995, 
Pringle et al. 2009).  In contrast to the enemy release hypothesis, which is dependent on 
dissociation, the mutualist facilitation hypothesis is dependent on positive associations in 
the invaded habitat (Richardson et al. 2000).  The requirements of the mutualist 
facilitation, in terms of arbuscular mycorrhizae (AM), are that the plant be facultatively 
mycorrhizal and that both the fungus and plant be generalists (Pringle et al, 2009). 
Pringle et al. 2009 presents a framework in regards to mutualist facilitation to 
show the potential routes a species might take upon introduction. The plant species may 
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be obligate, facultative, or non-mycorrhizal and introduced with or without a symbiont.  
Mycorrhizal symbioses range from parasitism to mutualism, depending on the interplay 
of soil nutrients, host plant characteristics, different aspects of the soil community, both 
fungal and bacterial, and the identity of the fungal and plant species (Hoeksema et al., 
2010, Scheublin et al. 2007). There are examples in the literature of both positive and 
negative feedbacks from mycorrhizal association, sometimes within the same species but 
dependent on environmental factors (Marler et al. 1999).   Polygonum cuspidatum Sieb 
& Zucc. (Polygonaceae) is a facultative mycorrhizal species, a fast-growing clonal 
herbaceous geophyte, and a pioneer species of primary succession slopes throughout 
Southeast Asia (Barney et al. 2006).  Introduced to the United States in 1872 as an 
ornamental, the spread of this species has been attributed to movement of soil as well as 
transfer of rhizomes along waterways (Barney et al. 2006).  P. cuspidatum is known to 
invade roadsides, ditches, and forest periphery in the United States and around the world 
and forms persistent monocultures that exclude the native vegetation and strongly 
influence nutrient cycling (Aguilera et al. 2010). For these reasons, P. cuspidatum is 
listed as a noxious weed in nine states (USDA, NRCS. 2011) and further research into its 
mechanism of invasion is necessary  
 The objective of this study was to determine whether P. cuspidatum benefits 
from mycorrhizal associations with native AM fungi that occur in the invaded range.  
Due to the difficulty of creating an AM free environment in the field, a greenhouse study 
was conducted.  P. cuspidatum was propagated with AM inoculum characterizing the 
native belowground community, and the benefit of association, in terms of biomass 
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accumulation, was determined by manipulating soil pH.  We hypothesized that P. 
cuspidatum would see increased growth through association with the native AM fungal 
community. 
Materials and Methods 
Greenhouse Experimental Design 
 The greenhouse experiment used a portion involved growing P. cuspidatum plants 
from rhizomes, one per pot, in a completely randomized design with two factors: soil pH 
alteration through addition of CaCO3 and presence/absence of AM inoculum .  Each 
treatment combination was replicated nine times (N=36).   
Substrate Preparation 
 Soil was collected from the Student Organic Farm at Clemson University in 
Clemson, South Carolina, USA and air-dried in the Clemson University Greenhouse 
Complex for three days.  The air-dried soil was then mixed 1:1 by volume with washed 
river bottom sand.  The mixture was autoclaved three times at three day intervals in order 
to remove any residual soil microorganisms prior to being placed into each of our 
replicates (N=36).  Plants were grown in black plastic containers, total height 17.78 cm, 
soil fill depth 14cm, and exterior diameter 16.51 cm (Elite 300 pot, New Christie 
Ventures, Canada).  The volume of soil was approximately 3 L. 
 To one half of the pots 850ml CaCO3 was added to increase the soil pH and thus 
increase phosphorous availability (Pennington Fast Acting Lime, Pennington Seed 
Company, Madison, GA).  Prior to planting rhizomes, all pots were watered thrice 
weekly for two weeks in order to allow incubation of CaCO3 in the soil.  Soil samples 
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were taken at the end of the incubation period and pH determined at 1:1 dilution with 
deionized H2O as millivolts. 
Plant and Soil Collection 
 Rhizomes were collected over the course of two days from an established 
population of P. cuspidatum in South Carolina.  The site is bordered on the south by a 
small waterway, on the east by a high traffic roadway, and on the north and west by 
mixed old field and young deciduous forest.  The most prominent vegetation is Prunus 
sp. L., Allium ascalonicum L., Asclepias sp. L., Rubus sp. L., Quercus virginiana Mill., 
Tilia americana L., Acer rubrum L., Albizia julibrissin Durazz., Smilax sp. L., Plantago 
lanceolata L., Vitis sp. L., Campsis radicans L., Lonicera japonica Thunb., Wisteria 
sinensis (Sims) DC., Schizachyrium scoparium (Mischz.) Nash, and a wide variety of 
other grasses.   
 Rhizomes were transported back to the Clemson University greenhouse.  Any 
standing biomass was removed.  The rhizomes were first gently scrubbed to remove any 
soil, then placed in a 50% sodium hypochlorite solution for five minutes, scrubbed gently 
again, rinsed, and placed in pots.  Although the rhizomes were of differing sizes, they 
were distributed randomly among treatments to avoid bias in biomass accumulation.  The 
rhizomes were placed longitudinally just below the surface of the soil.  Plants were 
watered thrice weekly.    
Inoculum Selection 
 Soil was collected from the location of rhizome collection in order to capture the 
soil microorganism community associated with Japanese knotweed.  The non-
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mycorrhizal inoculum was prepared by sieving a 1:1 soil to water slurry through a series 
of soil sieves, the smallest being 35µm in order to remove AM fungal spores but to allow 
the rest of the microbial community to flourish (Brundett et al. 1996).  The AM fungal 
inoculum was simply a slurry of unfiltered soil.  Two bottles of soil slurry were made, 
one with AM and one without.  Prior to application, the appropriate bottles was 
vigorously stirred and allowed to settle for 30 seconds.  Fifty ml of the liquid portion was 
applied to each pot at the time of planting.  Subsamples of each slurry were plated onto 
filter paper and analysis with dissecting scope was performed to ensure presence/absence 
of AM spores. 
Harvest 
 Of the original 36 rhizomes, seven failed to germinate and so were removed from 
the study, decreasing our total replicate number to N=29.  The replicate count for each 
treatment combination is: CaCO3 added and filtered inoculum n=8, CaCO3 added, 
unfiltered inoculum n=4, no CaCO3 and filtered inoculum n=8, no CaCO3 and unfiltered 
inoculum (control) n=9, .  Plants were allowed to grow for six months under ambient 
temperatures throughout the summer with 14 hour day length.  Temperatures ranged from 
20C to 38C.  Plants were removed from pots; roots were gently and thoroughly cleansed 
of all particulates.  For each plant, roots, stems, and rhizomes were excised and each was 
placed individually in a paper bag.  Approximately 5 g fresh weight of fine roots were 
collected from each root system and stored in 50% ethanol prior to fungal colonization 
analysis.  Soil samples were collected and stored at -20C until nutrient analysis.  pH was 
again determined as described above. 
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 All biomass, except that held back for fungal colonization analysis, was dried at 
40-55°C until it reached constant weight, at which point each weight was recorded.  
Subsamples of the leaves were collected two weeks prior to harvest, freeze dried, and 
analyzed by the Agricultural Service Laboratory, Clemson University, for foliar 
phosphorous levels. 
Field Collected Root Analysis 
 A sample of roots was collected from the same site as the rhizome collection.  
Eight rhizomes were collected along the length of the zone of invasion, at least two 
meters from the edge of the patch.  Rhizomes were cleaned of all soil and roots were 
excised.  From each rhizome, 5g of root sample was collected and combined in a flask for 
fungal colonization measurements, described below. 
Microscopy Analysis 
 Both field-collected and greenhouse-grown root samples were analyzed with the 
same staining and measurement method.  Roots were cleared over the course of several 
days in 10% KOH in a 75C water bath.  After clearing, the roots were washed of any 
residual KOH with several flushes of deionized water, submerged in trypan blue (Sigma 
product #6146), dissolved in lactic acid, glycerol, and water, concentration 0.05% stain, 
and replaced in the heat bath for twenty minutes (Koske and Gemma 1989).  The roots 
were flushed of remaining stain and placed in 50% glycerol solution for destaining and 
storage.  The greenhouse root samples were then mounted on microscope slides with 
polyvinyl-lactic acid-glycerol (Omar et al. 1979).  All slides were dried at 45°C for 36 
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hours to set the mounting solution.  The field collected samples were allowed to remain 
in glycerol solution and were temporarily mounted for colonization analysis.   
 Fungal colonization was assessed using the magnified intersections methods with 
a compound microscope (400 x magnifications) and arrow reticule as described by 
(McGonigle et al. 1990).  Small root segments were placed on slides and sealed with 
polyvinyl lactic glycerol.  These slides were visually scanned in a grid pattern.  When the 
reticule passed a root, it was recorded as an intersection, and that intersection was 
analyzed for the presence of a fungal body.  For each greenhouse sample, 200 root 
intersections were assessed for the presence of fungal hyphae.  For the field collected 
sample, 50 intersections per slide, ten slides total, total of 500 intersections for the entire 
field collected sample, were analyzed.  Fungal colonization was calculated as the 
percentage of root intersections at which fungal bodies were also present.   
Nutrient Analyses 
 The purpose of the addition of CaCO3 to the soils was to create two plant-
available phosphorous levels through increase of soil pH.  Most ortho-phosphate 
extractants are meant to be used either with low or high pH, and extraction of soils at the 
opposite end of the pH spectrum does not give accurate results of plant-available ortho-
phosphate.  Due to the wide range of our soil pH, which ranged from 4.91 to 8.04, ortho-
phosphate was determined using the H3A-2 extractant (Haney et al. 2010).  Soils were 
extracted in 1:10 ratio of soil to extractant, prepared as 2 g/L lithium citrate, 0.6 g/L citric 
acid, 0.4 g/L malic acid, and 0.4 g/L oxalic acid.  The mixture was placed on a shaker for 
10 minutes and then centrifuged for 10 minutes at 1900 g.  The supernatant was 
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immediately removed and ortho-phosphate was determined colorimetrically using the 
Astoria Autoanalyzer (Astoria-Pacific, Clackamas, Oregon). 
Statistical Analysis 
 All statistical analysis was completed using SPSS for Windows Release 16.0.1 
(November 15, 2007).  The significance of difference in soil pH was determined using 
one-way analysis of variance, α=0.05.  Comparison of mycorrhizal colonization between 
the field-collected roots and the greenhouse-grown roots was completed using a one-
tailed t-test, α=0.05. 
 Analysis of covariance (ANCOVA), using rhizome biomass as a covariate and 
CaCO3 and mycorrhizal treatments as fixed factors was used to assess treatment 
differences in dried biomass, soil ortho-phosphate levels, foliar phosphorous levels, and 
percent fungal colonization. Soil ortho-phosphate data were log transformed in order to 
meet the homogeneity of variance assumption. Foliar phosphorous content was inverse 
square root transformed in order to meet the same assumption.  All other dependent 
factors, including biomass, percent fungal colonization, and root to shoot ratio met the 
assumptions of the ANCOVA untransformed. Significance was determined at α=0.05 
level. 
Results 
 Statistical analysis of both the initial and final pH results showed a significant 
interaction of CaCO3 treatment and time of pH determination (either before or after plant 
growth) (Figure 2.1).  The pH of the unamended soil increased over the course of the 
experiment, from 4.91 (±0.09) to 6.45 (±0.05).  The pH of the CaCO3 amended soil did 
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not change over the course of plant growth.  Mean pH of the CaCO3 amended soil, both 
before and after the experiment, was 7.94 (±0.14).   
 Ortho-phosphate showed a significant increase in the CaCO3 amended soils, 
F(1,21)=186.99, p<0.001.  Mean ortho-phosphate levels of the CaCO3 amended soils was 
0.63 (±0.05) µg ml
-1
 and that of the unamended soil was 1.35 (±0.25) µg ml
-1 
(Figure 
2.2). 
Mycorrhizal Colonization 
Greenhouse Grown 
 Statistical analysis did not show any difference in percent mycorrhizal 
colonization between the filtered and unfiltered inoculum, F(1,21)=0.099, p=0.757, 
(Figure 2.3).  However, presence of AM spores was confirmed in the unfiltered inoculum 
slurry.  A second scanning of the slides showed that two groups of fungus were present in 
the roots. Evidence of AM fungi, i.e. aseptate hyphae, large germinating spores, or 
arbuscules were taken as proof of AM colonization, and was found only in the unfiltered 
treatment.  The second group was identified as dark septate endophytes (DSE) and 
evidence of their presence, either as microsclerotia or septate hyphae, was found across 
all treatments.  Mean mycorrhizal percent colonization across all treatments was 32.98% 
and ranged from 0%-66%. 
Field Collected 
 Colonization of field collected roots did not differ from the greenhouse grown 
root samples, regardless of AM treatment, F(2,36)=0.545, p=0.584. 
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Biomass 
 Biomass accumulation did not differ between the CaCO3 amended and 
unamended treatments F(1,21)=2.180, p=0.158.  Mean total biomass for all the plant 
samples was 64.5 (±35.6) g.  Biomass did not differ by inoculum filtration treatments, 
F(1,21)=0.134, p=0.718.  Additionally, root to shoot biomass ratio did not differ by either 
the phosphorous treatment, F(1,21)=3.13, p=0.095), or the mycorrhizae treatment, 
F(1,21)=0.008, p=0.929.) 
Foliar Nutrient Content 
 Foliar phosphorous content did not differ by CaCO3 treatment, F(1,21)=0.581, 
p=0.456, or by mycorrhizal treatment, F(1,21)=1.137, p=0.301.  Mean foliar phosphorous 
levels across treatments was 97.7 ppm.  Taiz and Zeiger (2006) suggest that adequate 
levels of phosphorous in dry plant matter should be 200 ppm, indicating that P. 
cuspidatum was phosphorous deficient.  These results were reflected in a visible 
collection of anthocyanin in leaves.  There was no delay in maturation, all replicates 
flowered. 
Discussion 
 Our results clearly show that association with both AM and DSE fungal 
communities occurs in the invaded region of South Carolina.  However, there were no 
significant differences in percent colonization, biomass accumulation, or foliar 
phosphorous content between pH and inoculum filtration treatments, prompting us to re-
examine our results.   
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 Re-examination of the preserved slides revealed that the majority of colonization 
appeared to be by dark septate endophytes (DSE), regardless of treatment.  DSE presence 
was determined as presence of septate hyphae and microsclerotia (Figure 2.5); AM 
fungal presence was determined by presence of germinating spores and arbuscules.  Due 
to the ephemeral quality of AM fungal structures and the prodigious presence of the DSE 
characteristic structures across all treatments, no attempt was made to quantify the 
difference between the two groups.  Evidence of AM fungi, in the form of arbuscules, 
aseptate hyphae, or germinating spores, was found in the majority of the examined 
unfiltered inoculum root samples and was lacking in the non-mycorrhizal treatment. 
 Dark septate endophytes (DSE) are a polyphyletic group whose origin is not 
agreed upon but are most likely Ascomycetes (Jumpponen and Trappe 1998).  Previous 
research into this group has found positive effects on plant host biomass accumulation, 
but to the best of my knowledge, no studies have addressed positive characteristics of 
symbiosis to DSE (Jumpponnen 2001, Newsham, 2011).  The spores and propagules of 
DSE are much smaller than those of AM fungi, and so the sieving method may have 
failed to exclude them from our non-mycorrhizal treatment. 
 Results of the pH adjustment using CaCO3 correlate sufficiently with soil ortho-
phosphate content results to support what is already known; that phosphorous availability 
increases under higher pH levels.  However, there are no significant differences in 
biomass accumulation or foliar phosphorous content between the pH treatments, 
regardless of the change in inoculum.  The phosphorous deficiency in the aboveground 
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biomass indicates that there was not a store of phosphorous in the rhizomes that 
precluded the use of AM fungi or DSE.  However, the deficiency also indicates that AM 
fungi and DSE were not providing the plant with enough phosphorous.  There was not a 
limitation of colonization, our percent colonization results were on par with other studies 
involving this species (Wu et al. 2004, Kovarova et al. 2010).  Therefore, we suspect that 
the association may not be mutualistic.  This must be examined further in order to 
determine conclusive results. 
 The results of this study provide an important insight into the belowground 
mutualism characteristics of the noxious invasive species P. cuspidatum.  We confirmed 
association of AM fungi and P. cuspidatum.  However, we are unable to definitively 
determine the benefit of this association as DSE potentially played a role in nutrient 
uptake across all of our treatments.  Previous examinations of Japanese Knotweed both in 
its native range and in the invaded range of the Czech Republic have either not found the 
presence of dark septate endophytes, or have not differentiated between DSE and AM 
fungi (Fujiyoshi et al. 2005, Kovarova et al. 2010, Wu et al. 2004).  
Conclusions 
 Here we confirm the association of an invasive species with the local fungal 
community, specifically the arbuscular mycorrhizal and dark septate endophytic 
members.  While the presence of AM fungi does not differ from other findings with the 
species from other regions, the presence of DSE is a novel finding for this species and 
may play an important role in nutrient cycling in monocultures created by P. 
cuspidatum’s invasion in the United States. 
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Figures 
 
Fig. 2.1 Soil pH levels in relation to phosphorous treatment, separated by time of pH 
measurement, either prior to plant growth or at time of plant harvest.  pH alteration was 
completed through addition of CaCO3. Standard error bars are shown.  Significant 
differences marked with corresponding letters. 
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Fig. 2.2 Soil ortho-phosphate levels by phosphorous limitation treatment and by 
addition/exclusion of mycorrhizal inoculum.  Unfiltered inoculum consisted of the 
unaltered soil microbe community in the site invaded by P. cuspidatum, filtered inoculum 
has had arbuscular mycorrhizal spores removed.  Bars indicate standard deviations.  No 
significance found within phosphorous treatment.  Significant decrease in ortho-
phosphate levels in CaCO3 addition treatment found, F(1,21)=186.99, p<0.001 
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Fig. 2.3 Percent fungal colonization by phosphorous limitation treatment and 
addition/exclusion of mycorrhizal inoculum.  Bar indicate stand deviations.  No 
significant difference found across either phosphorous limitation treatment or 
presence/absence of mycorrhizae. 
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Fig. 2.4 Percent fungal colonization of both field collected and greenhouse grown root 
samples, both AM and non-AM.  There was no difference between the three groups, 
F(2,36)=0.545, p=0.584. 
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Fig. 2.5 Fungal bodies of a) dark septate endophytes and b) arbuscular mycorrhizal (AM) 
fungi.  The presence of these structures, either a) microsclerotia or b) aseptate hyphae and 
vesicles, were used to determine success of the AM limitation treatment following 
greenhouse growth. 
a 
b 
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CHAPTER 3 
TRENDS OF HABITAT ALTERATION BY POLYGONUM CUSPIDATUM SIEB. 
& ZUCC. IN THE UNITED STATES (POLYGONACEAE, JAPANESE 
KNOTWEED) 
Abstract 
 Invasive species are known to alter their environments through many means, not 
least of which are changes in nutrient cycling.  Nitrogen is generally a limiting 
nutrient, and so shifts in its cycling will affect neighboring species significantly.  
Polygonum cuspidatum Sieb. & Zucc. (Polygonaceae, Japanese Knotweed) is a 
noxious invader in the United States that may significantly affect the nitrogen cycle.  
While other studies have examined the nitrogen pool as a whole in a narrow 
geographic region in the United States, we aim to examine specific pools of nitrogen 
across a wide geographic region in order to elucidate the role of P. cuspidatum in 
nutrient cycling alteration in the United States. 
  We collected soil samples in areas affected by P. cuspidatum across three states and 
two regions and examined the nitrate nitrogen pool and the total nitrogen less nitrate 
pool using colorimetric analysis after using cadmium reduction. 
 Significant differences were found in the total nitrogen pool and the two fractionated 
pools due to invasion by P. cuspidatum. 
 We conclude that presence of P. cuspidatum increases soil nitrate levels inside the 
zone of invasion.  Further fractionation of the nutrient pool will aid in elucidation of 
these affects.  
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Introduction 
 Invasive species are known to drastically alter their environment, although it is 
difficult to make generalizations about these trends as they tend to be very site and 
species specific, and can even vary within species by location (Stock et al. 1995, Belnap 
and Philips 2001, Scott et al. 2001).  Environmental modifications include alteration of 
aboveground communities, alteration of belowground microbe communities, and shifts in 
nutrient cycling.  Nitrogen is often a limiting nutrient for plant growth (Chapin 1980), 
and identification of modification to the nitrogen cycle has been used to identify 
mechanisms of invasion associated with some invaders (e.g. Allison and Vitousek 2004, 
Blank and Young 2002, Dassonville et al. 2007, Dassonville et al. 2008, Evans et al. 
2001). 
 Polygonum cuspidatum Sieb. & Zucc (Polygonaceae, Japanese knotweed) is a 
fast-growing clonal herbaceous geophyte, a facultative mycorrhizal species, and a pioneer 
species of primary succession slopes throughout Southeast Asia (Barney et al. 2006).  
The plant increases aboveground productivity to nearly ten times that of the native 
community and alters nutrient uptake by accessing a very deep nutrient pool via rhizomes 
up to 2 m deep (Aguilera et al. 2010, Barney et al. 2006, Dassonville et al. 2007, Hirose 
and Tateno 1984). P. cuspidatum has been shown to efficiently resorb nutrients into 
rhizomes prior to leaf senescence, producing a very low nutrient, high lignin litter that 
decomposes very slowly (Dassonville et al. 2009). 
 P. cuspidatum was introduced to the United States as an ornamental species in the 
1870‟s and since that time has become an aggressive invader of roadsides, ditches, and 
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forest periphery across North America (Aguilera et al. 2010, Barney et al. 2006).  P. 
cuspidatum is listed as a noxious weed in nine states (USDA, NRCS. 2011), and further 
research into its mechanism of invasion is necessary. 
 A previous study on this species did not find a difference in soil nitrogen levels 
when measured across one small geographic area in Massachusetts (Aguilera et al. 2010).  
That study analyzed the total nitrogen levels and did not differentiate between types of 
nitrogen in the total nitrogen pool (Aguilera et al. 2010).  Dassonville et al. (2011) found 
similar results across a much wider geographical area in Europe, though this study again 
did not differentiate between nitrate and the total nitrogen fractions of the soil. 
 The nitrogen pool may be separated in several ways. From a plant uptake 
perspective, two main categories are the nitrate pool and the total nitrogen less nitrate 
(TNLN) pool.  The nitrate pool represents the most plant-available nitrogen; measuring it 
may be the most direct way of quantifying shifts in the plant available nitrogen at the 
ecosystem level.  The TNLN portion includes all other forms of nitrogen, either organic 
or inorganic.  The dissolved organic nitrogen portion of the nitrogen pool has varying 
plant-availability. 
 We expect that fractionation of the nitrate pool to lend a more detailed perspective 
as to the effects of P. cuspidatum in invaded systems.  Previous research into other 
nutrients affected by P. cuspidatum have found a trend of alteration, where, in sites with 
relatively high nutrient levels, the invasive plant decreases the amount of available 
nutrient, and in areas of relatively low nutrients, the invasive plant increases the amount 
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of that nutrient (Dassonville et al. 2008).  To this end, we analyzed total nitrogen and 
nitrate nitrogen levels across a wide geographic range in the United States and 
determined shifts in nitrate and TNLN levels attributed to presence or absence of P. 
cuspidatum. 
 We determined nitrate nitrogen and TNLN in one season at two sampling depths 
across a wide variety of sites in order to capture nitrogen cycling effects of one plant 
species.  The two sample depths, 0-5 cm and 5-15 cm were chosen as a model of aging of 
the nutrient inputs.  One assumes that the lower depth of sampling exemplifies an older 
soil profile and so the nitrogen forms should be more degraded.  The shallower sampling 
depth gives a more direct measure to the immediate effects of litter inputs by the P. 
cuspidatum.  We used sites ranging across three states, Massachusetts, New York, and 
North Carolina, two regions, New England and the Southeast, and two general ecotypes, 
road side/old field and second growth eastern deciduous forest. 
Materials and Methods 
Site Description 
 Soils samples were collected at five sites in and around Amherst, Massachusetts, 
one site near Ithaca, New York, and one site in Cashiers, North Carolina.  All sites had a 
P. cuspidatum population of at least one half hectare.  Sites had differing pre-invasion 
communities (Table 1). 
 M1 shared no species with any other sites with five unique species.  M2 and M3, 
which were located near each other along a path in a state nature preserve, shared the 
same species; however, these two sites contained six species that were not present in any 
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other site.  M4 shared one species with M5 and three species with NC1; M4 had six 
species that only occurred in this site, one of which is a nitrogen fixer (Lathyrus 
tuberosus).  M5 shared just one species with M4 and had six species not occurring in any 
other sites.  NC1 had two novel species, one of which is a nitrogen fixer (Robinia 
psuedoacacia). 
Sample Collection 
 Samples were taken within the area of invasion, at least two meters from the edge 
of the population. Samples were also taken outside of the plot, no closer than two meters 
to the invasion edge. Either 14 or 16 samples were collected for nutrient content analysis 
at each of our seven plots. 
 At each collection point, soil cores of 10 cm diameter were collected at the 0-5cm 
depth and the 5-15 cm depth.  The three cores per point per depth were homogenized in 
the field and immediately placed on ice until return to the lab, where the samples were 
sieved through a 2mm mesh soil sieve to remove rocks and large organic material.  
Samples were stored in 50ml centrifuge tubes and immediately frozen, then shipped on 
dry ice overnight to Clemson University, Clemson, South Carolina where they were 
stored at -80°C until analysis. 
Nutrient Analysis 
 Soils were extracted in a 1:7 ratio (m:v) in 1.5M KCl.  Total dissolved nitrogen 
was determined following extraction by persulfate oxidation (Bronk, 2000).  Extract 
analysis for total dissolved nitrogen and NO3
-
were performed using an Astoria Analyzer 
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autoanalyzer, after using cadmium reduction (Astoria-Pacific, Clackamas, Oregon).  
TNLN was calculated as total dissolved nitrogen less nitrate, all in µg/g . 
Statistical Analysis 
 Data were analyzed using a completely randomized block design, with site as the 
blocking factor and depth and zone of collection as fixed factors.  One-way analysis of 
variance was used to test the effect of depth and zone on the total nitrogen, nitrate 
nitrogen, and for TNLN (α=0.05) using SPSS for Windows Release 16.0.1 (November 
15, 2007).  The total nitrogen pool was cosine transformed to meet the assumption of 
variance for analysis of variance.  Nitrate results failed to meet the assumption of 
homogeneity of variance under several types of transformation.  However, the analysis of 
variance is a robust test and the significance did not change under any transformation, so 
the raw data was analyzed.  TNLN data was cosine transformed in order to meet the 
assumption of homogeneity of variance.   
 In order to examine variability due to site, data were analyzed using one-way 
analysis of variance, based on zone of invasion only. 
Results 
 All analysis of variance tables may be found in Appendix 3. 
Soil nutrients 
Total Nitrogen 
 The total nitrogen pool did not differ significantly across sites, either outside the 
zone of invasion, F(6,93)=1.070, p=0.386, or inside the zone of invasion, F(6,97)=1.616, 
p=0.151.Analysis of the total nitrogen pool was split by zone of invasion, either inside or 
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outside.  When site is used as a blocking factor, no significance was found for the total 
nitrogen pool due to presence of P. cuspidatum, F(1,201)=1.632, p=0.203, or by depth of 
sampling, F(1,201)=0.007, p=0.933.  
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Nitrate 
 Nitrate levels of soil collected outside of the zone of invasion differed 
significantly by site, F(6,96)=57.906 α<0.001 (Figure 3.1).  Similarly, nitrate levels 
inside the zone of invasion differed by site, F(6,97)=11.471 α<0.001 (Figure 3.2). 
 Significant difference was found for nitrate levels by presence of P. cuspidatum, 
F(194)=29.125, p<0.0001 (Figure 3.3).  No significant difference was found by depth, 
F(1,194)=2.943, p=0.088. 
Total Nitrogen less Nitrate 
 Analysis of TNLN of soil taken outside the zone of invasion showed no 
significant difference by site, F (6,101)=1.709 α=0.127.  The same was true for soil 
samples taken inside the zone of invasion, F (6,102)=1.957 α=0.079. 
 No significant difference was found for the TNLN pool by presence of P. 
cuspidatum, F(1,214)=2.008, p=0.158, or by depth, F(1,214)=1.332, p=0.250. 
Discussion 
 Despite the wide geographic range of sampling, the pre- and post-invasion total 
nitrogen pool did not differ across any of the sites, supporting previous research on total 
nitrogen pool cycling and P. cuspidatum (Aguilera at al. 2010, Dassonville et al. 2007).  
When the total nitrogen pool is split into the nitrate fraction, difference is found across 
sampling sites, both pre- and post-invasion.  Additionally, while the total nitrogen pool 
did not vary within sites due to the presence of P. cuspidatum, the nitrate fraction did 
differ, and where difference was found was always higher inside the zone of invasion, 
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indicating that examination of the total nitrogen pool alone hides the effects of invasion 
by P. cuspidatum. 
 However, the TNLN fraction had similar results to that of the total nitrogen pool.  
The TNLN pool did not differ across sites, either pre- or post-invasion.  Presence of P. 
cuspidatum also did not affect the TNLN pools within sites.  The TNLN pool consists of 
several different forms of nitrogen, both as ammonia and as dissolved organic nitrogen.  
The varying plant-availability of the different forms of dissolved organic nitrogen 
warrant closer examination, and may lend results similar to those found for the nitrate 
pool in this study.  
 Where a difference was found, the nitrate pool was always higher inside the zone 
of invasion by P. cuspidatum, indicating that the plant species enriches nitrate during 
invasion.  This characteristic of the invasion may aid in increases in biomass 
accumulation since nitrate is highly plant-available.  However, as the study took place at 
the height of summer, when soil microbe activity is greatest, it is possible that we 
captured an uncommon influx of nitrate into the soil system.  Due to the seasonality of 
nitrogen cycling, and the high leachability of the nitrate anion, this study should be 
repeated across several seasons. 
   
Conclusions 
 In conclusion, we found that nitrate levels differed, and when difference was seen 
they were always higher inside the zone of invasion, indicating that P. cuspidatum 
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presence is having an effect on the nitrogen cycle of invaded areas.  Further research is 
needed to expand these results across seasons over this wide geographic range.  Further 
fractionation of the nitrogen pool may lend a similar trend across ammonia and dissolved 
organic nitrogen fractions.  
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Figures 
 
Fig. 3.1 Nitrate levels (µg g 
-1
) differed outside the zone of invasion across sites.  Groups 
are indicated by lettering determined using Tukey‟s honest significance test.  Bars 
represent 95% confidence intervals.  Significance was taken at α=0.05. 
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Fig. 3.2 Nitrate levels (µg g 
-1
) differed inside the zone of invasion.  Differences are 
denoted by lettering, determined using Tukey‟s honest significance test.  Bars represent 
95% confidence intervals.  Significance taken at α=0.05. 
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Fig. 3.3 Mean nitrate levels (µg g 
-1
) differed at some sites by zone of invasion, as 
indicated by asterisks, determined using Tukey‟s honest significance test.  Bars represent 
95% confidence intervals.  Significance taken at α=0.05. 
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Tables 
 Site 
Species M1 M2 M3 M4 M5 N1 NC1 
Aesculus sp. *       
Cruciata sp. *       
Oxalis stricta *       
Rhus glabra *       
Trifolium sp. *       
Acer negundo  * *     
Acer saccharinum  * *     
Carya sp.  * *     
Populus deltoides  * *     
Ulmus rubra  * *     
Vitis labrusca  * *     
Acer saccharum    * *   
Impatiens capensis    *   * 
Rosa multiflora    *   * 
Solidago sp.    *   * 
Hamamelis virgiana    *    
Lathyrus tuberosus    *    
Lespedeza sp.    *    
Lythrum salicaria    *    
Rhus copallinum    *    
Vitis sp.    *    
Carpinus caroliniana     *   
Fagus grandifolia     *   
Juglans sp.     *   
Polygonatum commutatum     *   
Quercus coccinea     *   
Tsuga canadensis     *   
Robinia pseudoacacia       * 
Rubus sp.       * 
Table 3.1 All species found in all plots sampled for soil nutrient levels.  Species presence 
is denoted by asterisk.   
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Appendix A: Analysis of variance table pertaining to Chapter 2 
 
Tests of Between-Subjects Effects 
Source 
Dependent 
Variable 
Type III Sum of 
Squares df Mean Square F Sig. 
Corrected Model OPHOSSIN .633a 4 .158 62.818 .000 
FOLPINSQRT 1.437b 4 .359 4.015 .018 
Intercept OPHOSSIN 3.399 1 3.399 1348.741 .000 
FOLPINSQRT 58.028 1 58.028 648.573 .000 
Rhizome OPHOSSIN .002 1 .002 .832 .374 
FOLPINSQRT .557 1 .557 6.230 .023 
Phosphorous OPHOSSIN .471 1 .471 186.989 .000 
FOLPINSQRT .052 1 .052 .581 .456 
Myc OPHOSSIN .000 1 .000 .123 .730 
FOLPINSQRT .102 1 .102 1.137 .301 
Phosphorous * Myc OPHOSSIN .001 1 .001 .545 .471 
FOLPINSQRT .034 1 .034 .378 .547 
Error OPHOSSIN .043 17 .003   
FOLPINSQRT 1.521 17 .089   
Total OPHOSSIN 15.943 22    
FOLPINSQRT 236.784 22    
Corrected Total OPHOSSIN .676 21    
FOLPINSQRT 2.958 21    
a. R Squared = .937 (Adjusted R Squared = .922)     
b. R Squared = .486 (Adjusted R Squared = .365)     
 
Table A2.1 Analysis of variance table.  OPHOSSIN is soil ortho-phosphate levels, sine 
transformed, FOLPINSQRT is foliar phosphorous, inverse square root transformed.  
Significance at α=0.05. 
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Appendix B Analysis of variance table pertaining to Chapter 3 
 
ANOVAa     
  Sum of Squares df Mean Square F Sig. 
LG10NIT Between Groups 15.516 6 2.586 57.906 .000 
Within Groups 4.287 96 .045   
Total 19.803 102    
COSTNLN Between Groups 4.705 6 .784 1.709 .127 
Within Groups 46.347 101 .459   
Total 51.051 107    
SINTOTNIT Between Groups 3.307 6 .551 1.070 .386 
Within Groups 47.890 93 .515   
Total 51.197 99    
a. Zone = Outside      
 
 
ANOVAa 
  Sum of Squares df Mean Square F Sig. 
LG10NIT Between Groups 5.331 6 .888 11.471 .000 
Within Groups 7.513 97 .077   
Total 12.844 103    
COSTNLN Between Groups 5.469 6 .911 1.957 .079 
Within Groups 47.505 102 .466   
Total 52.974 108    
SINTOTNIT Between Groups 4.861 6 .810 1.616 .151 
Within Groups 48.629 97 .501   
Total 53.491 103    
a. Zone = Inside      
 
Table B3.1 Analysis of variance table for nutrient levels by sites.  LG10NIT is nitrate, log 
transformed.  COSTNLN is total nitrogen less nitrate, cosine transformed.  SINTOTNIT 
is total nitrogen, sine transformed.  
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Tests of Between-Subjects Effects 
Dependent Variable:COSTOTNIT     
Source 
Type III Sum of 
Squares df Mean Square F Sig. 
Corrected Model .802a 2 .401 .824 .440 
Intercept .590 1 .590 1.211 .272 
Zone .795 1 .795 1.632 .203 
Depth .003 1 .003 .007 .933 
Error 97.864 201 .487   
Total 99.228 204    
Corrected Total 98.666 203    
a. R Squared = .008 (Adjusted R Squared = -.002)   
 
Table B3.1 Analysis of variance table of total nitrogen results.  Data have been cosine 
transformed. 
 
Tests of Between-Subjects Effects 
Dependent Variable:Nitrate ug/g      
Source 
Type III Sum of 
Squares df Mean Square F Sig. 
Corrected Model 140.771a 2 70.386 15.568 .000 
Intercept 1887.649 1 1887.649 417.525 .000 
Zone 131.675 1 131.675 29.125 .000 
Depth 13.307 1 13.307 2.943 .088 
Error 877.082 194 4.521   
Total 2914.240 197    
Corrected Total 1017.854 196    
a. R Squared = .138 (Adjusted R Squared = .129)   
Table B3.2 Analysis of variance table of nitrate results. Data has not been transformed. 
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Tests of Between-Subjects Effects 
Dependent Variable:COSTNLN     
Source 
Type III Sum of 
Squares df Mean Square F Sig. 
Corrected Model 1.592a 2 .796 1.648 .195 
Intercept .222 1 .222 .459 .499 
Zone .970 1 .970 2.008 .158 
Depth .644 1 .644 1.332 .250 
Error 103.382 214 .483   
Total 105.202 217    
Corrected Total 104.974 216    
a. R Squared = .015 (Adjusted R Squared = .006)   
 
Table B3.3 Analysis of variance table of total nitrogen less nitrate.  Data have been 
cosine transformed. 
 
